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REPORT SUMMARY

The Boiling Water Reactor Vessel and Internals Project (BWRVIP), formed in June, 1994, is an
association of utilities focused exclusively on BWR vessel and internals issues. This BWRVIP
report provides guidelines for inspecting and evaluating BWR reactor pressure vessels (RPVs).

Background

BWRs and their associated components are subject to degradation from a number of mechanisms
ranging from general corrosion to fatigue cycling. To ensure that components retain their
functionality, inservice inspections are performed on a regular basis. The requirements for these
inspections are documented in a number of places, including the American Society of Mechanical
Engineers (ASME) Code and BWRVIP Reports.

Objective
e To bring together inspection recommendations found in various documents.

¢ To demonstrate that these recommendations are adequate for managing all aging mechanisms
for the current licensing term and for a 20-year license renewal term.

Approach

The project team performed a comprehensive review of all applicable documents as well as
ASME Code and BWRVIP inspection requirements applicable to RPVs. The report contains a
summary of these documents. To determine the adequacy of inspection recommendations in
ensuring continued RPV integrity, the team reviewed recommendations with respect to known
degradation mechanisms (as well as degradation history).

Results

The report concludes that existing inspection recommendations are, indeed, adequate to ensure
RPYV integrity for current plant design life as well as an additional 20-year period of life extension.
Specific details regarding the license renewal period are discussed in an Appendix to the report.

EPRI Perspective

The BWRVIP has elected to present the report to the NRC in the form of a BWRVIP Inspection
and Flaw Evaluation Guideline. By compiling the information in one report—with references to
other BWRVIP and industry reports—the NRC can quickly evaluate the near term and license
renewal requirements together. BWRVIP’s intention is to promote the philosophy that the
renewal term is a simple extension of the current term.
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EXECUTIVE SUMMARY

The purpose of this Reactor Pressure Vessel (RPV) Inspection and Evaluation Guideline report is
to compile background understanding and to summarize inspection programs that are currently
applicable to all of the RPV components. The inspection programs include (1) the American
Society of Mechanical Engineering (ASME) Pressure Vessel Code established procedures and
guidelines for the regular inspection of pressure boundary components in its Section XI program
and (2) the Boiling Water Reactor Vessel Internals Project (BWRVIP) developed Inspection and
Evaluation Guidelines that are specific to the pressure boundary internal components.

The report first reviews applicable documents that are currently applicable to the RPV
components. The report then gives general descriptions of the different components and covers all
of the potential degradation mechanisms that could be relevant to the various components. These
sections give direct references to other reports that are sources of greater detail on specific plant
configurations and mechanisms. The report then screens the mechanisms to establish which are
relevant to BWR vessel components.

The next section of the report then reviews all of the existing ASME and BWRVIP inspection
requirements that are currently being followed.
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1
INTRODUCTION AND OBJECTIVE

1.1 Background

Boiling Water Reactors (BWRs) and their associated components are subject to various
degradation processes ranging from general corrosion to fatigue cycling. In order to assure that
the components retain their full functionality, inservice inspections are performed on a regular
basis. The frequency of inspections in the initial 40-year operating period, as well as in a license
renewal period, should be adequate to detect the different types of degradation mechanisms
which, in turn, vary, depending on the material and operational environment. The American
Society of Mechanical Engineering (ASME) Pressure Vessel Code has clearly established set
procedures and guidelines for the regular inspection of pressure boundary components in its
Section XI [1]. Complementing these requirements, the Boiling Water Reactor Vessel Internals
Project (BWRVIP) has undertaken several extensive studies to establish guidelines for the
inspection and evaluation of all safety-related reactor internal components and structures of the
BWR type reactors. These studies were based on the results of an overall safety assessment
report on the internals [2] which identified all the safety-related components and their
configuration. The BWRVIP proceeded to develop specific Inspection and Evaluation Guidelines
for all of these internal components [3-13]. Figure 1-1 schematically shows the locations of these
components and highlights the appropriate document prepared. Table 1-1 lists the titles of the
different BWRVIP documents shown in Figure 1-1. The comprehensive effort has addressed all of
the key internal components, many of which are attached to the reactor pressure vessel (RPV)
itself.

The NRC, nuclear industry and EPRI have performed extensive programs to address key vessel
components such as the feedwater nozzles and the recirculation piping and nozzles [14-19].
These efforts provide significant guidance as to the inspection of these key structures, and
document mitigation technologies to reduce the potential for degradation [20-22].

The industry has also undertaken studies to document the different degradation mechanisms that
are relevant to the RPV as they apply to license renewal [23]. These studies are useful in aiding
the industry to understand the inspection needs for any specific component. One of the most
important time limiting aging mechanisms is neutron embrittlement of the RPV in the high fluence
zones. The industry and the NRC have continued to update their understanding of the
degradation processes and how they relate to the specific material (base and weld) by composition
and process type. Again, these efforts are well documented [24-26]. In the area of fatigue, EPRI
and the industry have also worked to better understand the cyclic loading events at actual BWRs
[27, 28].

1-1
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1.2 Objectives and Scope

The objective of the Reactor Pressure Vessel Inspection and Evaluation Guideline is to bring
together all of this previous information in a consistent way with the intent of demonstrating that
aging mechanisms are adequately managed for the current licensing term and for the 20-year
license renewal term. Figure 1-2 presents a roadmap to the structure of the guideline including
the process to review the needs for supplemental inspections or evaluations. The report will first
review the general descriptions of the different components and will list all the potential
degradation mechanisms that could be relevant to the RPV components. These sections will
provide direct references to other reports as a source of greater detail on specific plant
configurations. The report will screen the mechanisms to establish which are relevant to BWR
vessel components. The report then reviews the existing ASME and BWRVIP inspection
requirements.

Content Deleted -
EPRI Proprietary Information

The report includes an Appendix for License Renewal. The license renewal period builds on the
current understanding and inspection programs. The extended period of operation will require the
updating of all time limiting aging assessments (TLAAs) associated with the original plant design
bases. These TLAAs will be divided into those that can be addressed using generic evaluations or
those that require individual plant assessments. The report will provide a process to address these
updates required for license renewal. The appendix also presents an update of the Equivalent
Margin Analysis for the upper shelf energy that can be used generically for all the types of RPV
plate materials and welds in the different BWR plants. Figure 1-2 also contains the license
renewal related steps.

The BWRVIP has chosen to present the information in the form of a BWRVIP I&E Guideline to
aid the NRC in its review. By compiling the information in one report with references to the
earlier BWRVIP and industry reports, the NRC can quickly evaluate the near term and license
renewal requirements together. It is the intention of the BWRVIP to promote the philosophy that
the renewal term is a simple extension of the current term.

The RP Vessel I&E guideline will be applicable to all U.S. BWR/2-6 plants as well as the Spanish
and Mexican BWRs. The components addressed will include the vessel shell, top and bottom
heads, closure flanges and studs, support skirt, nozzles, safe ends, penetrations, internal and
external attachments, in-core monitor housings, CRD stub tubes, and pressure boundary portions
of CRD housings. The ASME Code 1989 edition will be used for guideline preparation in that it

1-2
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is referenced in the latest revision of 10CFR50.55a, the 1997 revision. In addition, the 1995
edition will be used as it pertains to inspection methods.

The work in this report was performed in accordance with 10CFR50, Appendix B.

1-3
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Table 1-1
BWRVIP Documents Covering Inspection and Evaluation of Reactor Internals Components

Reactor Internal BWRVIP I&KE BWRVIP Document Title

Component Number

Core Shroud BWRVIP-01 “BWR Core Shroud Inspection and Evaluation Guidelines,
Revision 2,” EPRI TR-107079, October 1996.

Core Spray BWRVIP-18 “BWR Core Spray Internals Inspection and Evaluation
Guidelines, ” EPRI TR-106740, July 1996.

Shroud Support BWRVIP-38 “BWR Shroud Support I&E Guidelines,” EPRI Report
TR-108823, September 1997.

Top Guide BWRVIP-26 “BWR Top Guide Inspection and Evaluation Guidelines, >
EPRI TR-107285, December 1996.

Core Plate BWRVIP-25 “BWR Core Plate Inspection and Evaluation Guidelines, ™
EPRI TR-107284, December 1996.

Standby Liquid BWRVIP-27 “BWR Standby Liquid Control System/Core Plate AP I&E

Control Guidelines,” EPRI Report TR-107286, April 1997.

Jet Pump Assembly | BWRVIP-4] “BWR Jet Pump Assembly Inspection and Flaw Evaluation
Guidelines,” EPRI Report TR-108728, October 1997.

CRD Guide/Stub BWRVIP-47 “BWR Lower Plenum I&E Guidelines,” EPRI Report

Tube TR-108727, December 1997.

In-core BWRVIP-47 “BWR Lower Plenum I&E Guidelines,” EPRI Report

Housing/Dry Tube TR-108727, December 1997.

Instrument BWRVIP-49 “BWR Instrument Penetrations I&E Guidelines,” EPRI

Penetrations Report TR-108695, March 1998.

LPCI Coupling BWRVIP-42 “LPCI Coupling Inspection and Evaluation Guidelines, ™
EPRI TR-108726, September 1997.

RPV BWRVIP-05 “BWR RPV Shell Weld Inspection Recommendations,”

Circumferential EPRI Report TR-105697, September 1995,

Vessel ID Brackets | BWRVIP-48 “BWRVIP, BWR Vessel ID Attachment Weld 1&E
Guidelines,” EPRI Report TR-108724, February 1998.

Shroud Re- BWRVIP-07 “Guidelines for Reinspection of BWR Core Shrouds,”

inspection EPRI Report TR-105707, February 1996.

Shroud Vertical BWRVIP-63 “Shroud Vertical Weld Inspection and Evaluation

Weld Inspection

Guidelines,” EPRI Report TR-113170, June 1999.
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2
GENERAL DESCRIPTION OF VESSEL COMPONENTS

The major RPV components are described in several documents [23, 29-30]. The RPV is
comprised of a shell and a removable top head (flanged and joined via the head-to-flange closure
studs), closure studs, a bottom head which is welded to the shell, multiple nozzles and safe-ends,
multiple penetrations and control rod drive stub tubes, a vessel support skirt and numerous
attachment welds. BWR vessels (within the scope of this report) have the following ranges of
dimensions: the inside diameters (I.D.s) range from 183 to 251 inches, the vessel shell minimum
thicknesses from 4.5 to 7.1 inches, the vessel heights (inside top head to inside bottom head) from
758 to 872 inches and the vessel head thicknesses from 2.7 to 6.8 inches. Reference 23 provides
representative dimensions and identifies fabricators for the vessels of all U.S. BWR plants from
BWR/2 through BWR/6. Figure 2-1 shows a typical RPV with all of the pressure boundary
components.

General Electric Company nuclear steam supply product lines BWR/2 through BWR/6 represent
an evolutionary development of RPV design concepts.
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2.1 Reactor Pressure Vessel Shell, Top Head and Bottom Head

BWR vessels have been manufactured using different materials for the different components
(shells, nozzles, flanges, studs, etc.). In addition, the choice of construction materials changed as
the BWR product line evolved and newer materials were added to the ASME code.
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General Description of Vessel Components
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2.2 Closure Flange and Studs
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General Description of Vessel Components

2.3 Vessel Support Skirt
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2.4 Vessel Nozzles and Safe-ends

Reactor vessels have many penetrations for piping and equipment.
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CRD penetrations and flux monitor penetrations have different designs on different vessels and
are discussed in a following section. Figure 2-4 through 2-6 show typical configurations for the
recirculation outlet, core spray and feedwater nozzles along with the safe ends, respectively.

Safe ends are attached to each of the nozzles providing a transition to the piping material. The

material of the safe-end varies from system to system as well from plant to plant which is a result
of the RPV vendor’s typical practice.

Content Deleted -
EPRI Proprietary Information

2-3




General Description of Vessel Components
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2.5 Vessel Internal Attachments

The RPV attachments include the brackets used to hold internal components such as the core
spray piping and the jet pump riser piping as well as the shroud support structure. These
attachments have been fully characterized in BWRVIP-38 and BWRVIP-48.
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BWRVIP-48 details the different configurations of both types of attachments. Figure 2-9 shows
the details of an example core spray attachment bracket.
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2.6 Vessel Instrument Penetrations

Several different penetrations must be considered, including the instrument nozzles required to
measure water level (which are covered in BWRVIP-49) and the core plate AP/standby liquid
control SLC) system (BWRVIP-27), which can also be a full penetration nozzle design, similar to
those discussed in Section 2.4. The typical geometry is shown in Figure 2-11.
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2.7 Vessel In-core Housing, CRD Stub Tube and CRD Housing
Penetrations

The configurations of the in-core monitor housings (ICMH), CRD stub tubes and CRD housings
are given in BWRVIP-47. (Tables 2.1-1, -2, -5, -6, Figures 2.1.1-1 through 2.1.1-7 and Figures
2.1.2-1 through 2.1.2-4 of BWRVIP-47 give the details for the specific plants.) Typical
geometries are displayed in Figures 2-13 and 2-14 of this report.
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General Description of Vessel Components

Content Deleted -
EPRI Proprietary Information

2.8 Vessel External Attachments

In addition to the support skirt and the closure studs, there are other attachments to the outside of
the vessel, including the Top Head Lifting Lugs, Stabilizer Brackets, Insulation Brackets and
Refueling Bellows. All of these attachments are exposed only to an air environment.
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Table 2-1
Typical Materials Used for RPV Components (Reference 23)

Content Deleted -
EPRI Proprietary Information

2-6



General Description of Vessel Components

Table 2-2
Typical Number and Types of Nozzles for the Different BWR Designs (Reference 23)

Content Deleted -
EPRI Proprietary Information

2-7




General Description of Vessel Components

Table 2-3
Typical Nozzle Safe End Materials Summary (Reference 23)
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General Description of Vessel Components
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Figure 2-1
Typical Reactor Pressure Vessel - Nozzles and Attachments Shown Schematically
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Figure 2-2
Schematic of Typical configurations for (a) the RPV Top Head with Flange and
(b) the Closure Stud
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General Description of Vessel Components
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Figure 2-3
Detail of Typical RPV Support Skirt




General Description of Vessel Components
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Figure 2-4
Typical Recirculation Outlet Nozzle, Nozzle Butter, Weld and Safe End
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Figure 2-5
Typical Core Spray Nozzle, Nozzle Butter, Weld and Safe End
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General Description of Vessel Components
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Figure 2-6
Typical Feedwater Nozzle, Nozzle Butter, Weld and Safe End
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General Description of Vessel Components
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Figure 2-7
Typical Shroud Support Structure with Leg Design
(The H9 and H12 welds which join the component to the RPV are also shown.)




General Description of Vessel Components
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Figure 2-8
Typical Shroud Support Structure with Gussets
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Figure 2-9
Typical Core Spray Bracket Attachment Weld
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Figure 2-10
Typical Jet Pump Riser Attachment Weld

o
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Figure 2-11
Typical Instrument Penetration Component with Weld

2-19




General Description of Vessel Components

Content Deleted -
EPRI Proprietary Information

Figure 2-12
Typical Core DP/SLC Nozzle and Welds
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Figure 2-13 :
Typical In-Core Monitor Housing with RPV Weld and Housing to Guide Tube Weld
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Figure 2-14
Typical CRD Stub Tube and CRD Housing Configurations
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3
POTENTIAL DEGRADATION MECHANISMS

The degradation mechanisms that are considered in this report are neutron irradiation
embrittlement, low-cycle and high-cycle fatigue, including both mechanical and thermal effects,
intergranular stress corrosion cracking (IGSCC), irradiation-assisted stress corrosion cracking
(IASCC), stress corrosion cracking (SCC), general corrosion, flow-assisted corrosion (erosion-
corrosion) and thermal embrittlement. These mechanisms have been identified from a
review/evaluation of nuclear power plant operating experience, relevant laboratory data, and
related experience in other industries. They are also discussed in earlier industry reports [23],
NRC documents [14,15] and BWRVIP references [3-13, 16]. Each will be presented in the
following sections with references to other comprehensive discussions in the related references.

3.1 Neutron Embrittlement

3.1.1 Mechanism Review

Neutrons produce energetic primary recoil atoms which displace large numbers of atoms from
their crystal lattice positions in metallic materials by a chain of atomic collisions. Neutron
exposure damage can be characterized by displacements per atom (dpa), which accounts for the
neutron energy spectrum as well as the fluence. These displacements produce defects that change
the properties of the metal.
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Potential Degradation Mechanisms

3.1.2 Locations of Significant Importance
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3.2 Fatigue

3.2.17 Mechanism Review

Fatigue is the initiation of cracks and subcritical crack growth under the influence of fluctuating or
cyclic applied stresses. Various sources exist for fluctuating stresses, but the chief sources are
vibration and temperature fluctuations. Fatigue behavior of components is affected by a variety of
parameters such as stress range, mean stress frequency, surface roughness, and environmental
conditions.
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The specific case of environmental fatigue has been considered. The necessary information has
been developed by the industry to determine the effects of BWR water environmental conditions
on fatigue life. T
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One important source of cyclic stresses can be the mixing of hot and cold water. The potential for
thermal fatigue depends upon the temperature difference between the mixing fluids, flow
velocities and heat transfer coefficients.
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3.2.2 Locations of Significance

3.2.2.1 Closure studs
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3.2.2.2 Penetrations
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3.2.2.3 Safe-ends
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3.2.2.4 Nozzles
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3.2.2.5 Vessel Support Skirt
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3.2.2.6 Vessel External Attachments
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3.3 Intergranular Stress Corrosion Cracking (IGSCC)

Stress corrosion cracking (SCC) is the degradation category associated with the initiation and
growth of cracks in a susceptible alloy system under the influence of three factors: tensile stress,
susceptible material, and a corrosive environment.

Tensile stresses causing SCC are typically at or above the material’s yield strength levels. It is
very much a function of the material condition and the environment. The first category of SCC
which relates to austenitic structural materials such as wrought stainless steels or nickel base
materials is intergranular stress corrosion cracking (IGSCC). Technically, cracking occurs along
grain boundaries in wrought alloys or along dendrite boundaries in weld metal (the governing
microstructural feature in welds). Cracking is promoted by the BWR normal water chemistry
(NWC) environment, which contains highly oxidizing species such as oxygen and hydrogen
peroxide.
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3.3.1 Locations of Significance

3.3.1.1 Nozzle-to-safe end welds
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3.3.1.2 Attachment Welds
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3.3.1.3 Instrument Penetrations, In-core Housings and CRD Stub Tubes/Housings
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3.3.1.4 Closure Studs
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3.4 Irradiation-Assisted Stress Corrosion Cracking (IASCC)

Irradiation-assisted stress corrosion cracking (IASCC) is very closely related to IGSCC [39]. The
major differences are the influences of the irradiation (neutron flux) on both the material’s
susceptibility and the residual stresses. The flux is already important in changing the core
environment by producing the oxidizing species through radiolysis. The neutrons interact with the
material enhancing the diffusion processes in the metal and producing matrix hardening.
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3.5 Stress Corrosion Cracking (SCC) of Low Alloy Steel

The potential for SCC of low alloy steel in BWRs has been addressed over 20 years. These
materials have exhibited excellent performance as documented in the BWRVIP-60 report on low
alloy steel crack growth rates [40]. Only under very specialized conditions in the laboratory can
the sustained SCC growth rates in these alloys be high.
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3.6 General Corrosion

Corrosion, discussed in earlier reports [23], is the electrochemical reaction between a metal or
alloy and its environment. It is characterized by the loss of material or the deterioration of
surfaces such that the material’s properties or load bearing capability are changed. These effects
can be categorized in two ways.
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3.7 Flow-Accelerated Corrosion (Erosion/Corrosion)

Erosion/corrosion, also commonly called flow accelerated corrosion (FAC), is a special form of
corrosion caused by flowing liquids. The flow can lead to cavitation, which, in turn, can disrupt
surface oxide films and accelerate corrosion of the base metal, leading to a loss of material.
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3.8 Thermal Embrittlement

There is the potential for the degradation of the fracture toughness of cast austenitic stainless steel
through thermal aging processes. The presence of significant amounts of ferritic phase with its
higher Cr content could lead to a reduction in fracture toughness in the ferritic phase due to sigma
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phase precipitation.
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3.9 Summary of Applicability of Degradation Mechanisms

Based on the discussion presented, the significant degradation mechanisms are neutron
embrittlement, fatigue and IGSCC. This is summarized in Table 3-1 by component and
mechanism. The inspection requirements and surveillance programs for both the present licensing
period as well as any license renewal period should be designed to address detection of the effects
of these mechanisms, either the loss of toughness or the presence of cracking, in these
components at the relevant locations.




Potential Degradation Mechanisms

Table 3-1
BWR RPV Aging Mechanism Assessment Summary
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Table 3-1
BWR RPV Aging Mechanism Assessment Summary (concluded)
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4

REVIEW OF INSPECTION REQUIREMENTS

4.1 ASME Section Xl Preservice Inspections

The ASME Code Section XI “Rules for Inservice Inspection of Nuclear Power Plant
Components” was first published in 1970 and specified requirements for Preservice examinations
as well as in-service examinations. The ASME Section XI Preservice examinations differed from
the examinations required by the Construction Code because they were intended not only to verify
the vessel integrity, but also to form a baseline for subsequent inservice examinations. Preservice
examinations of plants constructed before that time included only those of the Construction Code,
which would have been Section III of the ASME Code after its first publication in 1964. Prior to
1964, Section VIII of the ASME Code was used for construction with Code Cases which
described additional quality assurance requirements for nuclear vessels. This report reviews the
preservice and inservice examination requirements for the reactor vessel. BWRVIP-05 [16]
provides a more detailed treatment of vessel ultrasonic examination methodology and describes
the evolution of the preservice examination requirements of ASME Section XI from the 1970
Edition to the 1989 Edition. As a point of reference, the terminology of the 1989 Edition of
Section XI of ASME Code has been used in preparation of this report, since it was the Edition of
record cited by the NRC in Title 10 CFR 50 Section 50.55a, at the time this report was prepared.

The ASME Code, Section XI requires that all mandated examinations, except for the VT-2
examinations (visual examinations for leakage which are also required), be performed once prior
to initial plant startup and then periodically after plant startup as inservice examinations. The
required examinations are listed in ASME Section XI, Table IWB-2500-1 for the applicable
examination categories. For the reactor vessel, the applicable categories are:

B-A Reactor Vessel Seam Welds

B-D Reactor Vessel Full Penetration Nozzle Welds

B-E Partial Penetration Nozzle Welds (CRD, ICM, SLC)

B-F Dissimilar Metal Welds (Safe-Ends)

B-J Piping Welds (Safe Ends for Feedwater and Main Steam)
B-G-1 Bolting Greater than 2 in. in Diameter (Closure Head Studs)
B-G-2 Bolting less than 2 in. in Diameter (Top Head Flange/CRD housing bolts)
B-H Exterior Attachment Welds

B-N-1 Interior of Reactor Vessel

B-N-2 Core Support Structure and Internal Attachment Welds

B-P Pressure-Retaining Components
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Review of Inspection Requirements
4.1.1 Examination Methods

In addition to identifying the items to be examined, the ASME Table IWB-2500-1 identifies the
examination method to be used for the examination. ASME Section XI breaks examination
requirements into three categories: visual, surface and volumetric. Visual examinations consist of
three categories: (1) VT-1, a detailed visual examination including a lighting resolution check; (2)
VT-2, an examination for leakage; and (3) VT-3, an examination for general structural and
mechanical integrity. Additional resolution requirements for visual examination were added to
Section XI in the 1990 Addenda, increasing the VT-1 resolution requirement and, for the first
time, imposing resolution requirements for VT-2 and VT-3. Surface examination may be either
magnetic particle or liquid penetrant examination. Volumetric examination technically includes
both radiography and ultrasonic examination; however, for practical reasons, ultrasonic
examination is preferred for inservice examination, so it is also used to perform the preservice
examinations.

ASME Section XI IWB-2200 allows shop and field examinations performed during fabrication
and construction to be accepted as a preservice examination, provided (1) the examinations are
performed using the same technique as would be used in subsequent inservice examinations and
(2) the examinations are performed after the Construction Code (ASME Section II1) hydrostatic
test. Although such credit was taken for some shop and field examinations, the credit was usually
limited to the surface examinations, since radiography is used almost exclusively in ASME Section
III for the volumetric examination of full penetration welds. The preservice examinations were
performed using an ultrasonic method which was consistent with the practice that would be used
for subsequent inservice examinations. The result was that prior to operation, the vessel weld
seam and full penetration nozzle welds were radiographed under Construction Code rules
(Section III) and then examined again ultrasonically to Section XI rules. Note that some early
vessels (BWR-1, BWR-2) and some BWR-3 vessels, were placed in operation before industry
implementation of Section XI and were not examined ultrasonically before service, but have been
examined ultrasonically inservice under Section XTI rules. In 1983, US NRC Regulatory Guide
1.150, Revision 1 [44] was issued which included a number of recommendations, including
increased recording sensitivity of the inservice ultrasonic examinations performed on reactor
vessel welds beyond the requirements existing at that time in ASME Section XI (and referenced
requirements of Section V). This required the evaluation of more indications, including those
which were determined to be minute anomalies such as fine segregates in the vessel plate material.
Following the issuance of the Regulatory Guide, the increased recording sensitivity was applied to
the preservice examination of vessel welds.

Since implementation of Regulatory Guide 1.150, improvements in examination methodology
have been made to the Code. In the 1986 Addenda to Section XI, the recording sensitivity was
increased to the same level as required by the Regulatory Guide. Then in the 1989 Addenda to
ASME Section XI, quantitative performance demonstration requirements were added for
ultrasonic examinations in Appendix VIII. Under the rules of Appendix VIII, procedures,
equipment, and personnel must be demonstrated to achieve flaw detection and sizing results
which exceed the requirements of earlier Editions of the Code. The development of these rules
began in the early 1980s in response to NRC requirements imposed by Bulletins 82-03 [45] and
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83-02 [46], which required demonstration of ultrasonic examination capability for welds in large
bore reactor recirculation piping. However; the new rules in Appendix VIII extend the
demonstrations to cover virtually all the inservice ultrasonic examinations required by the Code.
While those requirements have not yet been fully mandated by the NRC, the utilities have formed
an alliance, the Performance Demonstration Initiative (PDI), and, in conjunction with EPRI, have
developed a program to implement those requirements. Many utilities are already using
personnel, equipment, and procedures which have been qualified under the new performance
demonstration program.

4.1.2 Examination Requirements for Specific Categories

This section describes the examination requirements of ASME Section XI for the individual items
identified by examination category. Since the preservice examinations are conducted using the
same techniques as in later inservice examinations, the requirements described here apply to both
preservice and inservice examinations. The following discussion applies to the preservice and
inservice inspection program requirements as they appear in the 1989 Edition of ASME Section
XI except where noted.

Reactor vessel seam welds (Category B-A) and Full Penetration Nozzle Welds (Category B-D,
which includes also the nozzle inner radius region) are ultrasonically examined. Examinations of
closure and bottom head welds are limited to “accessible lengths” under Code rules,
acknowledging the inherent obstructions caused by nozzle penetrations, particularly in the bottom
head region. Safe-end welds (Category B-F and B-J) receive both ultrasonic and a surface
examination if they connect to lines over 4 inches in nominal pipe size, which include main steam,
feedwater, core spray and all of the reactor recirculation nozzles. Safe-end welds connecting to
lines smaller than 4 inches in nominal pipe size require surface examination. Partial penetration
welds (Category B-E), such as used for control rod drive (CRD) and instrument penetrations,
require only visual (VT-2) examination and therefore are not subject to a preservice examination.
However, these weld joints require progressive surface examination during fabrication under
ASME Section III to assure integrity through the weld volume. (Note that in IWB-2500-1 of
ASME Section XI, the separate Category of B-E for partial penetration welded nozzles was
deleted in the 1994 Addenda. since the same examination requirement (visual VT-2) is
implemented in the same area under examination Category B-P, which applies to the entire
reactor coolant pressure boundary.)

The bolting examination requirements are based on the bolting diameter. Vessel closure head
studs (Category B-G-1, greater than 2 inches in diameter) require ultrasonic examination inservice
when the examination is done in place, or both surface and ultrasonic examination if they are
removed for examination. Smaller diameter bolting (B-G-2) on the vessel top head flange and
CRD housing flanges on the bottom head are subject to visual, VT-1 examination.

Reactor vessel exterior attachments (Category B-H) require a surface examination (Note that in
ITWB-2500-1 of ASME Section XI, the separate category of B-H for vessel exterior attachments
was deleted in the 1998 Addenda and the requirements for examination of vessel exterior
attachments were included under category B-K along with those of piping, pumps, and valves.)
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Reactor vessel interior attachments, as well the core support structure (both Category B-N-2), are
subject to visual (VT-3) examination. Exceptions are made for attachments to the vessel wall in
the beltline region, jet pump riser braces and surveillance sample holder brackets, which are
subject to visual (VT-1) examination. In practice, the internal attachments for the shroud support,
core spray internal piping, and jet pump riser braces are subject to a more rigorous visual
examination requirement as described in other BWRVIP reports discussed later in this section.
The reactor vessel interior itself (Category B-N-1) is also subject to a visual (VT-3) examination.

4.2 ASME Section XI: Table IWB-2500-1 Visual, Surface, and Volumetric
Examinations; Categories B-A, B-D, B-E, B-F, B-G-1, B-G-2, B-H, B-N-1,
B-N-2, B-P

Along with the required examinations methods, the frequency of inservice examinations for the
various examination categories are also listed in ASME Section X1, Table IWB-2500-1. These
categories were described in Section 4-1. These examinations are required to be performed once
per interval, which is defined as 10 years. The interval may be extended up to one year to
coincide with plant outages, but such extensions are not permitted to exceed more than one year
during the plant lifetime (i.e., the extensions cannot be applied in such a way as to extend all the
intervals to 11 years rather than 10 years). For some items, deferral of the required examinations,
such as those for reactor seam welds, is permitted until the end of the interval. For most other
examinations, such as those for piping (including safe-end welds) and bolting, some percentage of
the examinations must be performed throughout the interval with requirements for each period
within the [0-year interval as follows:

Years (within each Minimum Exam %  Maximum Exam

Period 10-vear interval) Completed % Credited
1" 0-3 16 34
2 3-7 50 67
3% 7-10 100 100

For full penetration nozzle welds, 25%, but not more than 50%, of the examinations can be
performed by the end of the first period and the remainder deferred until the end of the interval.

The IWB-2500-1 Table was revised in the 1989 Addenda to address plant life extension and
specifies that the frequency of examination remains consistent for each successive 10-year
inspection interval, regardless of the actual total number of years of plant operation.

4.3 NUREG-0619 - Feedwater Nozzle Examinations

US NRC NUREG-0619 “BWR Feedwater Nozzle and Control Rod Drive Return Drain Line
Nozzle Cracking” [14] implemented “augmented” inservice examination requirements
(1.e., examinations beyond those of ASME Section XI) on feedwater nozzle inner radius areas
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based on thermal fatigue cracking concerns. (The CRD return line nozzles in nearly all domestic
plants which had them were capped, thus eliminating the concern for those components.) The
NUREG provides recommendations for an increased frequency of ultrasonic examination (beyond
ASME Section XI requirements) and recommended performing liquid penetrant examinations
periodically (from every second to every ninth refueling outage, depending on the sparger design
[14]). The nozzle inner radius examination area was also extended by the NUREG document
beyond ASME Section X1 requirements from the nozzle inner radius itself further into the nozzle
bore. Performance of the liquid penetrant examination required drain-down of the vessel,
decontamination, removal of the sparger and actual personnel contact with the nozzle inner radius
from inside the vessel, resulting in high radiation exposure levels to workers. Subsequent
improvements in ultrasonic examination techniques were made which were described in a BWR
Owner’s Group report submitted to the NRC [47]. Using the improved, automated UT
techniques, detection of 0.25 in. deep flaws in the nozzle inner radius region was successfully
demonstrated on nozzle mock-ups. Taking credit for the improvement, the report provided a
“UT Inspection Interval Factor” based on that detection threshold to be used in conjunction with
a plant-specific fracture mechanics postulated flaw growth analysis to develop a feedwater nozzle
inner radius examination schedule appropriate for each plant. Based on these results, the NRC
issued a Safety Evaluation Report in 1998 [48], allowing the improved, automated ultrasonic
examinations to stand in lieu of the liquid penetrant examination and the frequency of the
ultrasonic examinations to be reduced from the original NUREG requirements.

4.4 NUREG-0313 - Pressure Boundary Piping (As Applied to Safe-End
Welds)

Generic Letter (GL) 88-01 [36], in conjunction with the basis provided in NUREG-0313,
Revision 2, [15], implemented “augmented” inservice examination requirements (i.e.,
examinations beyond those of ASME Section XI) for stainless steel piping welds based on IGSCC
concerns. The augmented program increased frequency of examination overall for 4” and larger
diameter piping welds carrying primary system (reactor) water at temperatures above 200°F.

With respect to the reactor vessel, these increased examination frequency requirements primarily
affect safe-end-to-pipe welds where the original Grade 304 piping was not replaced with resistant
low carbon grade material, such as 316L. NUREG 0313 also contained requirements for
ultrasonic examination performance which apply to the examination of all stainless steel safe-end-
to-nozzle welds (Category B-F). The NUREG requires that ultrasonic examination of the subject
austenitic stainless steel welds be carried out using procedures and personnel qualified under the
NDE Coordination plan agreed upon by NRC, EPRI, and the BWROG [49]. That plan originated
in response to IE Bulletins 82-03 and 83-02 [45, 46], which were the predecessors of NUREG
0313, Revision 2 [14] and GL 88-01 [36]. This implemented an ultrasonic examination
demonstration program, utilizing actual samples of pipe weldments (removed from operating
plants) containing intergranular cracking to verify the adequacy of the technique and the skill of
the examiner. The agreement has been subsequently modified to include the ASME Section XI,
Appendix VIII implementation program currently being conducted by the PDI and EPRI.
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4.5 BWRVIP-05 Requirements for Category B-A Seam Welds

The BWRVIP, in its report BWRVIP-05 [17], evaluated the current inspection requirements for
the reactor pressure vessel shell welds in BWRs. It then formulated recommendations for
alternative inspection requirements, with adequate technically-justified bases for these
recommended requirements.
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4.6 BWRVIP Reports Nos. 27, 38, 41, 47, 48, and 49

The BWR Vessel and Internals Project subcommittee of EPRI has published a number of reports
recommending improvements in examination of reactor vessel internal components as discussed in
Sections 1 and 2 [3-13 ]. This effort began in response to NRC Generic Letter 94-03 [51]
requiring that consideration be given to improved examination technology following the discovery
of cracking in reactor vessel core shroud welds. These recommendations included implementing
visual examinations of higher resolution than those required by ASME Section XI. For purposes
of this report, the BWRVIP reports focused on reactor internals with the only overlapping
components of concern being the examination of attachments to the inside of the reactor vessel
wall, those addressed by the ASME Code examination category B-N-2. The definitions and
requirements for the higher resolution visual examinations were first published in BWRVIP-03
[52].
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4.7 Summary Table of ASME/BWRVIP/NRC Recommended Inspections

Previous sections clearly establish that there are well defined and comprehensive inspection
requirements for all of the vessel components. Table 4-1 provides a summary and cross-reference
of these examinations required by the ASME Code and augmented examinations imposed by the
NRC or as recommended in the various BWRVIP reports.

4.8 Adequacy of Integrated Inspection Requirements

As discussed in Section 3, there are four significant degradation mechanisms that are applicable to
the vessel components: neutron embrittlement, fatigue, IGSCC and SCC of the closure studs.
The inspection programs are directed at evaluating the vessel component surfaces for indications
of crack initiation.
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Table 4-1
Summary Table of ASME/BWRVIP/NRC Recommended Inspections
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Table 4-1
Summary Table of ASME/BWRVIP/NRC Recommended Inspections (concluded)
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5
REVIEW OF EVALUATION GUIDELINES

This section is a review of the different evaluation processes required for application with Vessel
components. The first processes are the ASME code procedures for flaw evaluation and repair
implementation. The other procedures are those that must be performed in accordance with
10CFR50 Appendix G. ' :

The procedures for flaw evaluation and repair implementation are presented in Sections 5.1 and
5.2, respectively. A brief review of past vessel component inspection findings is presented in
Section 5.3 and examples of the associated evaluations and repairs are presented in Sections 5.4
and 5.5, respectively. These examples complement those that have previously been given in other
BWRVIP I&E Guidelines [8] and BWRVIP Crack Growth Rate Methodology Reports [40, 53].

The other procedures are those that must be performed in accordance with 10CFR50 Appendix
G. These evaluations include the determination of the Upper Shelf Energy (USE) for the each of
the specific plant RPV beltline materials. Also included is an evaluation of fracture toughness
(i.e., an assessment of the RTnpr adjusted for irradiation and the resultant P-T curves for plant
operation). The USE evaluations are discussed in Section 5.6 and the fracture toughness
evaluations are discussed in Section 5.7 along with an overview of surveillance programs.

5.1 Overview of ASME Section Xl Flaw Evaluation Methodology

The ASME flaw evaluation procedures for nuclear pressure vessels are contained in ASME
Section XI, Appendix A [54]; the original technical basis is documented in Reference 55 and an
updated technical basis for corrosion fatigue crack growth is contained in Reference 56. ASME
Section XI specifies periodic volumetric examinations of primary system pressure-retaining
components that are generally accomplished using ultrasonic (UT) examination techniques, as
discussed in Section 4.0. To simplify the analysis of indications detected by such examinations,
Section XI adopted the conservative assumption that all observed indications are planar (crack-
like) defects. The Code treats irregularly shaped flaws as idealized simple geometric shapes. UT
inspection results are thus reduced to two characteristic flaw size parameters, a flaw depth (a or
2a) and flaw length (J), together with the relative location of the flaw in the component.
Proximity limits are given for cases of adjacent multiple flaws and subsurface flaws that are close
to the surface. Adjacent multiple flaws within the proximity limits are enveloped into a single
longer flaw with new length and depth parameters. Subsurface flaws within the surface proximity
limit are treated as surface flaws.

The flaw length and depth, as defined above, are compared directly to a set of acceptable
standards defined in terms of the same geometric flaw parameters. Such standards reflect generic
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fracture analyses that define acceptable flaw sizes, below which no further evaluation is required.
For flaw indications that exceed these standards, further detailed fracture mechanics evaluations
are permitted.

Appendix A of Section XI provides a non-mandatory procedure for evaluating flaws in pressure
vessels which exceed the acceptance standards. It consists of an application of linear elastic
fracture mechanics (LEFM) to a given flaw using such factors as flaw shape, flaw orientation,
flaw location, projected flaw growth and material fracture toughness.

The stress fields at the flaw location are determined from the vessel design stress report for
normal (Level A), upset (Level B), emergency (Level C), and faulted (Level D) operating
conditions; the normal operating condition included system testing. Crack tip stress intensity
factors are determined for each operating condition and are used to project anticipated crack
growth due to continued operation of the vessel. The stress intensity factor is also used to
determine the critical size of the observed flaw at which it would exceed a conservative estimate
of the material fracture toughness. For inside surface flaws, the flaw growth analysis must
consider corrosion-fatigue due to the reactor operating environment, as shown in Appendix A of
Section XI, Figure A-4300-1.

5.2 Overview of Section XI Repair Criteria

If the volumetric or surface examination reveals a flaw that exceeds the acceptance standards and
cannot be shown to be acceptable by analytical evaluation, the flaw shall be either removed by
mechanical methods or repaired to the extent necessary to meet the acceptance standards of IWB-
3000. The repair and re-examination requirements are specified in IWA-4000.

5.3 Review and Summary of Past Vessel Component Inspection Findings

The past inspection findings in commercial BWR RPVs fall into five broad categories: (1)
feedwater and CRD return line nozzle cracking; (2) nozzle safe-end cracking (Alloy 182 butter
initiated); (3) RPV head cracking (head clad with austenitic stainless steel); (4) CRD stub tube
cracking; and (5) attachment bracket cracking that could potentially grow into the RPV base
metal. The details of these cracking incidents have been previously described in References 33
and 57 through 63. The recent BWRVIP reports also provide information on these findings [40,
53].

5.3.1 Feedwater and CRD Return Line Nozzle Cracking

In the late 1970s, inservice inspections (ISI) discovered cracking in BWRs on the inside surface of
feedwater (FW) and control rod drive return line (CRDRL) nozzles.
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Since the issuance of NUREG-0619, significant advances have occurred in UT inspection
technology, and significant field experience has been gathered on the successful prevention of
cracks in FW and CRDRL nozzles. As a result of these improvements, BWROG proposed that
UT inspections replace the PT inspections in NUREG-0619, and that UT inspection intervals be
based on sparger-sleeve configuration and specific UT inspection methods [45]. The NRC staff’s
acceptance of these recommendations is documented in Reference 46.

5.3.2 Nozzle Safe-End Cracking
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5.3.3 RPV Head Cracking
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5.3.4 CRD Stub Tube Cracking

Stub tubes provide a means of connecting the CRD housing to the RPV lower head and are part
of the fuel vertical load support. Cracking of the weld connecting the RPV to the stub tube or the
CRD housing to the stub tube could result in leakage of the reactor coolant.
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5.3.5 RPV Attachment Bracket Cracking

After the first cycle, the Alloy 600 steam dryer support brackets of a domestic BWR were
examined [58]. Remote underwater video viewing first revealed indications of cracking in the
184° bracket.
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5.4 Example Evaluation Related to Past Inspection Findings

The example evaluation presented in this section is that conducted to provide justification for
continued operation without repair of the Quad Cities Unit 2 (QC2) RPV head following the
discovery of cracking described earlier. The evaluation was conducted by GE Nuclear Energy
and is described in detail in Reference 63. Since the evaluation was performed prior to the
completion of the metallurgical analysis, conservative assumptions were made regarding the
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failure mechanisms in the clad and in the underlying base metal. The evaluation consisted of three
main steps:
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5.4.1 Applied Stress

Stresses in the region of cracking are due to (1) clad stress. (2) bolt preload stress, (3) pressure
and thermal stress and (4) weld residual stress near the vessel seam weld.
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5.4.2 Environmental Crack Growth

Stress corrosion cracking of low alloy steels can occur under constant load or monotonically
increasing load in a high temperature environment. In addition to instances of SCC in the
laboratory, there have been several field cracking incidences of SCC in other materials with
extension into the low alloy steel material (see Section 5.3). In the field observations, crack
initiation has occurred in other susceptible materials such as stainless steel clad or Alloy 182
welds. Residual stresses due to the clad or welds or localized PWHT have also contributed to
crack growth. For the purpose of this analysis, a conservative assumption of SCC crack growth
in the low alloy steel is used. BWRVIP-60 [40] also presents a methodology for evaluating crack
growth.

The SCC propagation rate in low alloy steels is a complex function of:
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The crack growth analysis described here provides a reasonable prediction for the crack depth (as
confirmed by comparison with the actual measured depth). Therefore, the predictive model can
be used for determining the depth at the end of the next fuel cycle in the Section XI IWB-3600
analysis described in the next section.

5.4.3 Section Xl Fracture Margin Assessment

Content Deleted -
EPRI Proprietary Information

5-9




Review of Evaluation Guidelines

Content Deleted -
EPRI Proprietary Information

5-10



Review of Evaluation Guidelines

Content Deleted -
EPRI Proprietary Information

5-11




Review of Evaluation Guidelines

Content Deleted -
EPRI Proprietary Information

5-12



Review of Evaluation Guidelines

Content Deleted -
EPRI Proprietary Information

5.5 Example Acceptance by Repair

An example of acceptance by repair of service induced degradation of a BWR RPV nozzle is
presented in this Section. An Alloy 82 weld overlay repair has been developed for application to
a low alloy steel nozzle to stainless steel or Alloy 600 safe end joint subject to inservice
degradation from IGSCC [71]. The repair approach consists of a full structural weld overlay,
using automatic gas tungsten arc welding technique deposited in accordance with a temperbead
welding approach similar to that presented in ASME Section XI Code Case N-432.
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5.6 10CFR50 Appendix G Equivalent Margin Analysis for Low Upper Shelf
Energy (USE) in BWR/2 through BWR/6 Vessels

10CFR50 Appendix G requires that 50 ft-lb upper shelf energy (USE) be maintained in the vessel
beltline low alloy steel material throughout operation. It further requires, if 50 ft-Ib USE cannot
be demonstrated, that methods to show equivalent margin be provided. As a result of responses
to Generic Letter 92-01 [72], the Owners' Group performed an equivalent margin analysis,
following the methods provided in the Code Case N-512. The equivalent margin analysis was
performed for all BWR/2 through BWR/6 vessels. The scope of the BWROG equivalent margin
analysis has been to bound the materials and 32 effective full power year (EFPY) fluences of all
U.S. BWR/2 through BWR/6 (BWR/2-6) vessels.
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5.7 RPV Surveillance Program Requirements

Part of the effort to assure reactor vessel integrity involves evaluation of the fracture toughness of
the vessel ferritic materials. The key values which characterize a material's fracture toughness are
the reference temperature of nil-ductility transition (RTnpr) and the upper shelf energy (USE).
These are defined in 10CFR50 Appendix G [76] and in Appendix G of the ASME Boiler and
Pressure Vessel Code, Section XI [77].

Appendix H of 10CFRS50 [78] and ASTM E 185 [79] establish the schedule and methods to be
used for surveillance of the reactor vessel materials. There are typically three capsules installed in
the reactor; the first two are typically removed and tested during the 32 effective full-power year
(EFPY) design life. The capsule withdrawal schedule should permit monitoring of long- term
effects. Although the withdrawal schedule is in terms of EFPY of the vessel with a design life of
32 EFPY, there is sufficient flexibility with BWRs that one of the three capsules could be used for
license renewal. The first capsule is scheduled for withdrawal early in the vessel life to verify the
initial predictions of the surveillance material response to the actual radiation environment. It is
removed when the predicted shift exceeds the expected scatter by sufficient margin to be
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measurable. The exposure of the second capsule should not exceed the peak end-of-life (EOL)
fluence on the inside surface of the vessel and the final capsule should not exceed twice the EOL
vessel inside surface peak fluence. Since the fluence for BWR vessels are typically low, pulling
the first capsule too early would result in a predicted shift that is not distinguishable from the data
scatter. The second capsule would need to be pulled near EOL to achieve fluences similar to the
EOL vessel inside surface peak fluence, leaving the third capsule available for license renewal.

The surveillance capsules contain flux wires for neutron flux monitoring and Charpy V-Notch
impact and tensile test specimens. The Charpy V-Notch impact and tensile test specimens are
fabricated using base metal from the beltline region, as well as weld metal from a similar heat of
material as the beltline welds. The Charpy V-Notch impact and tensile specimens are to be tested
to establish properties for the irradiated materials.

The results of the surveillance specimen testing are presented in a report, as required per
10CFR50 Appendices G and H [76, 78]. The irradiated material properties are compared to
available unirradiated properties to determine the effect of irradiation on material toughness for
the base and weld materials, through Charpy testing. Irradiated tensile testing results are provided
and are compared with unirradiated data to determine the effect of irradiation on the stress-strain
relationship of the materials.

Pressure-temperature (P-T) curves are included in the report to developed the steam dome
pressure versus minimum vessel metal temperature incorporating appropriate non-beltline limits
and irradiation embrittlement effects in the beltline. The P-T curves are established to the
requirements of 10CFR50, Appendix G [76] to assure that brittle fracture of the reactor vessel is
prevented. Recent ASME Code cases have made provisions for reducing conservatism in the P-T
curves. The elimination of postulating an axial flaw in circumferential welds will reduce
conservatism for plants that have limiting circumferential welds. In addition, the introduction of
using Kjc rather than Kja will result in a general reduction of the required temperature for all P-T
curves.

Recently, the utilities of the BWRVIP have decided to develop an integrated surveillance program
(ISP). Implementing a BWR ISP will not only improve the quality of data and compliance of the
entire BWR fleet, but will also provide data that better represent the BWR materials and
operating conditions.

The proposed integrated program will review and assess all available surveillance capsule data —
both the “existing program” capsules currently in each reactor and the additional capsules that
were developed for the Supplemental Surveillance Program (SSP). The proposed integrated
program will be based on those capsules which best meet the needs of the BWR fleet. Capsule
data that provide little or no added value will not be included and need not be tested because
other materials in the integrated program (including the SSP) will be used to replace these
capsules.
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Table 5-1
Critical Through-Wali Flaw Sizes in Beltline Region
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Figure 5-1
Crack Profile - Chinshan 2 N2E Recirculation Inlet Nozzle [62]
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Figure 5-2
Normal Operation Stress Distribution in Cracked Top Head Region
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Figure 5-3
Theoretical and Observed Crack Propagation Rate/Stress Intensity Relationships for
0.010% Steel in Oxygenated Water for Corrosion Potentials Between 0 and -100mV SHE
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Figure 5-4
Comparison of Models for Computing K versus a
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Figure 5-5
Top Head Crack Growth for ¥z Inch Clad, 15 ksi Clad Stress
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Figure 5-6
K versus a for Pressure Test Condition, Cracked Top head Region (the limiting case)

Content Deleted -
EPRI Proprietary Information

Figure 5-7
Top Head SCC Growth Predicted for Next Cycle of Operation
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Figure 5-8
Primary Stress Distribution for Grindout Geometry
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Figure 5-9
K versus a for Pressure Test Condition, Beltline Region (Axial Flaw)
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Figure 5-10
Brunswick 1 Nozzle to Safe-End Weld Overlay Schematic [61]
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A

BWR REACTOR PRESSURE VESSEL COMPONENTS
DEMONSTRATION OF COMPLIANCE WITH
TECHNICAL INFORMATION REQUIREMENTS OF THE
LICENSE RENEWAL RULE (10 CFR 54.21)

The purpose of Appendix A is to demonstrate that this report provides the necessary information
to comply with the technical information requirements pursuant to Paragraphs 54.21 [a] and [c],
and 54.22, and the NRC's findings under 54.29[a] of the license renewal rule [A1]. It is intended
that the NRC's review and approval of Appendix A will allow utilities the option to incorporate
the report and Appendix by reference in a plant-specific integrated plant assessment (IPA) and
time-limited aging analysis (TLAA) evaluation. If a license renewal applicant confirms that this
report applies to their plant's current licensing basis (CLB) and that the results of the Appendix A
IPA and TLAA evaluation are in effect at their plant, then no further review by the NRC of the
matters described herein is needed. The Appendix structure, which was used in the Vessel IKE
Guideline, is based on discussions of degradation mechanisms instead of the effects of a particular
degradation mechanism.

A.1 Description of the BWR Reactor Pressure Vessel Components and
Intended Functions

The reactor pressure vessel (RPV) components of the BWR consist of a vertical cylindrical vessel
of welded low alloy steel construction with a removable top head (flanged and joined via the head
to flange closure studs), closure studs, a bottom head which is welded to the vertical shell,
multiple nozzles and safe-ends, multiple penetrations and control rod drive stub tubes, a vessel
support skirt and numerous attachment welds. The specifics of the vessel as they apply to the
BWRVIP plants and the vessel components are given in the main report.

A.1.1 Pressure Vessel Structure and Supports

The function of the vessel shell, top head, bottom head and flange with the closure studs is to (1)
form a pressure boundary to contain reactor coolant /moderator and against leakage of
radioactive materials into the drywell, and (2) provide structural support for the reactor core and
internals. BWR vessels have been manufactured using different low alloy steel materials.
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A.1.2 Vessel Nozzles and Safe-ends

The intended function of the nozzles and safe-ends is to form a pressure boundary to contain
reactor coolant /moderator and against leakage of radioactive materials into the drywell. Reactor
vessels have many nozzle penetrations for piping and equipment.
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The safe-ends are attached to each of the nozzles, providing a transition to the piping material.
The material of the safe-end varies from system to system as well as from plant to plant, which is
a result of the RPV vendor’s typical practice or replacement efforts to remove IGSCC susceptible
materials and/or configurations.
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A.1.3 Vessel Internal Attachments

The intended function of the attachment welds is to provide structural support for the reactor core
and internals. The RPV attachments include the brackets used to hold internal components such
as the core spray piping and the jet pump riser piping as well as the shroud support structure. The
most significant attachments are those joining the shroud support structure to the RPV pressure
boundary. The welds are generally made using Alloy 82/182 material.
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A.1.4 Instrument, In-core Housing, CRD Stub Tube and CRD Housing
Penetrations

There are several different penetrations associated with the RPV. The intended function of the
penetrations is to form the pressure boundary to contain the reactor coolant/moderator and
against leakage of radioactive materials into the drywell. The CRD stub tubes, in addition,
function to provide structural support for the reactor core and internals. The specific penetrations
include the instrument nozzles required to measure water level, the core plate AP/standby liquid
control (SLC) system. The in-core monitor housings (ICMH), CRD stub tubes and CRD

housings. Content Deleted -
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A.2 Reactor Pressure Vessel Components Subject to Aging Management
Review

Paragraph 54.21(a)(1.) of the rule provides the requirements for identifying the RPV components
that are subject to aging management review. To satisfy the requirements of 54.21(a)(1.), the
guidance provided in the NEI industry guideline [A2] was used to identify passive components
and then to identify those that are long-lived. For the vessel components, a screening
methodology was not needed to make this determination. All of the components considered to
make up the vessel or that are attached to the vessel are passive and long-lived and are subject to
aging management review.

A.3 Management of Aging Effects (54.21 [a] [3])

A.3.1 Description of Aging Effects

For the purpose of this Appendix, the BWR Reactor Pressure Vessel Industry Report [A3] and
the resolution to the NRC's questions on the Industry Report are used to identify the aging
mechanisms for the vessel components. Aging mechanisms are the causes of the aging effects.
NUREG 1557 [A4] is used to establish the correlation between the aging effects and their
associated aging mechanisms. If the industry report and this BWRVIP document conclude that
the aging mechanism is significant, then the associated aging effect is included in this aging
management review. Using this methodology, it was determined that neutron embrittlement,
fatigue crack initiation and growth, and stress corrosion crack initiation and growth are the aging
effects that require aging management review for the vessel components. This conclusion is
consistent with the scope and intent of this report.

The causes of neutron embrittlement are provided in Section 3.1. The causes and locations of
importance for fatigue crack initiation and growth are given in Section 3.2. Finally, the causes of
stress corrosion crack initiation and growth are provided in Sections 3.3, 3.4 and 3.5. The
susceptibility factors of environment, materials, and stress state are also discussed in these
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sections. A discussion of the potential locations degraded by this mechanism is presented for each
of the vessel components in Subsections 3.1 through 3.3. The applicant will need to demonstrate
that: (a) the safety assessment of individual vessel components, and (b) the evaluation of the
safety consequences of individual vessel component failure, applies to their plant's CLB.

A.3.2 Assessment of Aging Effects and Programs

The vessel component performance history is described in Section 5 of this report, as well as in
other BWRVIP I&E documents. Using this information, four specific criteria were used in
developing the inspection strategy: (1) safety significance; (2) detectability of failure or cracking;
(3) field cracking history; and (4) prior inspections. The inspection criteria are primarily governed
by safety considerations.

The review of the field cracking indicates that the principal locations of cracking have been
thermal fatigue cracking in the blend radius of feedwater nozzles and IGSCC in the nozzle to safe
end weld butters made with Alloy 182. Corrective actions have been taken to reduce thermal
stresses and to replace or repair susceptible materials. The rest of the vessel components have not
experienced significant field cracking. Numerous ongoing mandated inspections (Table 4-1)
provide confidence that the field experience gives an accurate assessment of the materials’
behavior. There are also mandated surveillance programs to assess and manage reduction in
beltline toughness.
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BWR owners are required to schedule the inspections to meet the specified time frames.
Inspection may be conducted in combination with other maintenance activities (e.g., control rod
replacement or relocation, fuel redistribution or replacement).

During inspection, if one or more flaws are found, the licensee shall make the appropriate decision

for follow-on inspections, scope expansion, or other actions in accordance with the ASME Code,
NUREG documents and BWRVIP documents.
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A.3.3 Demonstration that the Effects of Aging are Adequately Managed
The effects of neutron embrittlement leading to reduced material toughness, cyclic loading leading

to fatigue and corrosion and stress corrosion cracking are the degradation mechanisms for the
vessel components that require aging management review for license renewal. These aging effects

A4
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A.4 Time Limited Aging Analyses (54.21 [c] [1])
The six criteria contained in the NEI industry guideline [A2] were applied to identify the time
limited aging analysis (TLAA) issues; that is, those calculations and analyses that:

Involve the reactor pressure vessel components.

Consider the effects of aging.

Involve time-limited assumptions defined by the current operating term.

Were determined to be relevant in making a safety determination.

Involve conclusions or provide the basis for conclusions related to the capability of the vessel
components to perform their intended function.

Are incorporated or contained by reference in the CLB.

Based on these criteria, several generic categories of TLAASs need to be addressed. These
categories and the process for preparing the TLAA are given in the following sections.
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A.4.1 Pressurization Temperature (P-T) Curves

Nuclear Regulatory Commission (NRC) 10CFR50 Appendix G [A5] specifies fracture toughness
requirements to provide adequate margins of safety during the operating conditions that a
pressure-retaining component may be subjected over its service lifetime. The ASME Code
(Appendix G of Section XI of the ASME Code [A6]) forms the basis for the requirements of
10CFR50 Appendix G. The limits for pressure and temperature are required by 10CFR50
Appendix G for three categories of operation: (1) hydrostatic pressure tests and leak tests,

(2) core not critical heatup/cooldown, and (3) core critical operation. The condition that results
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in the highest temperature for the limiting material determines the minimum temperature
requirement for the vessel.
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A.4.2 Equivalent Margin Analysis

One key effect of irradiation on the reactor pressure vessel plate and weld materials is defined and
measured by Upper Shelf Energy (USE). An evaluation was performed [A7] to provide a 40-year
or 32 effective full power years (EFPY) generic equivalent margin analysis to be used for any
plant unable to meet 10CFR50 Appendix G requirements for USE for a plant life. Due to plant
license renewal, this evaluation has been performed for a plant life of 60 years or 54 EFPY.
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A.4.3 Generic TLAAs with Cumulative Usage Factors Less Than 0.5

Fatigue is the behavior of a material under the action of repeated fluctuating stresses or strains.
After a sufficient number of fluctuations, the stresses and strains can result in the initiation of the
crack (the onset of which is defined as fatigue life). Fatigue usage for the components of the
reactor pressure vessel (RPV) were evaluated consistent with the ASME Code Section 111,

A-6
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NB-3222.4. Each component in the RPV is evaluated for fatigue and documented in the certified
stress report. If the component was modified, then a modified stress report supersedes the
certified stress report for the portion of the component that was modified.

The process for evaluating the license renewal fatigue usage is shown on Figures A-2 and A-3.
As shown in Figure A-2, the first step (Step 1) for the fatigue evaluation process is to make a list
of the components that were evaluated in the original certified and modification stress reports. A
representative list of those components was developed from fatigue usage factors from eleven
plants (Table A-3). Some variation in the fatigue usage value is due to the differences in the
design of the nozzles and the details used for the evaluation. Note that the original intent of
certification was to demonstrate that the fatigue usage was less than 1.0, so evaluations with a
simple combination of the thermal cycles into a single limiting event were performed. Therefore,
the relative differences between the fatigue usage values may not accurately represent the actual
relative fatigue usage for the component.

The fatigue usage for several RPV components were originally evaluated using the ASME Code
criterion for evaluating vessels “Not Requiring Analysis for Cyclic Operation” (i.e., “Exempt from
Fatigue™). These components require no further evaluation, since even with an increase in life
from 40 years to 60 years, the fatigue usage on these components will be insignificant.
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A.4.4 Process for TLAAs with High Cumulative Usage Factors (> 0.5)

To calculate the License Renewal Fatigue Cumulative Usage (LRCUF), the original fatigue usage
(OCUF) is simply multiplied by the ratio of the license renewal life to the current life (i.e., 60
years/40 years = 1.5). If the License Renewal Fatigue Usage is less than 1.0, then no further
evaluation of the component is required.

If the fatigue usage exceeds 1.0, then there are four alternatives for further disposition of those
components [see Figure A-3 (Step 5)]. Any one of the four alternatives is an acceptable method
to disposition the component and, if one of the three calculation methods does not result in a
fatigue usage less than 1.0, the other two alternatives may. If no alternative results in a fatigue
usage less than 1.0, then Step 5d can be used to disposition the component.
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A.4.5 Circumferential Weld Inspection Relief
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A.5 Exemptions (54.21 [c] [21])

Exemptions associated with vessel components that contain TLAA analysis issues will be
identified and evaluated for license renewal by individual applicants.
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A.6 Technical Specification Changes or Additions (54.22)

There will be changes to the technical specifications associated with the vessel as a result of this
aging management review to ensure that the effects of neutron embrittlement are adequately
managed. These changes will be made at the appropriate time prior to the end of the current
license term. No other changes or additions are required.

A.7 Demonstration that Activities Will Continue to Be Conducted in
Accordance with the CLB (54.29[a])

Sections A.1, A.2, and A.3 address the requirements 54.21 (a) of the rule. The vessel components
that are subject to aging management review are identified, and it is demonstrated that the effects
of aging are adequately managed. Sections A.4 and A.5 address the requirements of 54.21(c) of
the rule. Plant-specific time limited aging analyses (TLAAs) and exemptions that require
evaluation will be evaluated by the applicant. Section A.6 addresses the requirements of 54.22 of
the rule.
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Table A-1
Summary of the 10CFR50 Appendix G Requirements

Operating Condition and Pressure

Minimum Temperature Requirement

I. Hydrostatic Pressure Test & Leak Test
(Core is Not Critical) - Curve A

1. At < 20% of preservice hydrotest pressure

Larger of ASME Limits or of highest closure
flange region initial RTy; + 60°F*

2. At > 20% of preservice hydrotest pressure

Larger of ASME Limits or of highest closure
flange region initial RT + 90°F

il. Normal operation (heatup and cooldown), including
anticipated operational occurrences

A. Core not critical - Curve B

1. At < 20% of preservice hydrotest pressure

Larger of ASME Limits or of highest closure
flange region initial R + 60°F~

2. At > 20% of preservice hydrotest pressure

Larger of ASME Limits or of highest closure
flange region initial RT, + 120°F

B. Core critical - Curve C

1. At < 20% of preservice hydrotest pressure,
with the water level within the normal range for
power operation

Larger of ASME Limits + 40°F or of A.1
{Appendix G)

2. At > 20% of preservice hydrotest pressure

Larger of ASME Limits + 40°F or of A.2
(Appendix G) + 40°F or the minimum
permissible temperature for the inservice
system hydrostatic pressure test

* 60°F adder is included by GE as an additional conservatism, as discussed in Section 5.
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Table A-2
Calculated 54 EFPY USE Values as a Function of RPV Plate and Weld Material
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Table A-3
Representative Fatigue Usage Factors
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Data for P-T Curves General Evaluation of Non-Beltline Beltline
Curve A
{Pressure and Leak Test)
Curve B
{(Normal Op. Core Not Critical)
Curve C 10 CFR 50 App. G A ' ASME Code App. G
(Normal Op. Core Critical) A > Table 1 teml1.a-1.c Kir = 1.5Kin
Inservice System
Pressure Test ASME Code Appendix G. B > ASME Code App. G
Pressure Section lil ’ B ’ 10 CFR 50 App. G Kir = 2Kin+Kit
Preservice System . Supplemented by 10 CFR 50 Table 1 Item 2.a-2.b A
Pressure Test Pressure Appendix G
RPV and Fuel Location
Di .
RPV Material
] Properties o C
Initial RTnpr Values - 10 CFR 50 App. G ASME Code App. G
—» o Table 1 ftem 2.c & 2. ? > Curve B + 40°F
Unirradiated Charpy Data
and NDT Data Adjusted RTnpr Per
Using ASME Code NB-2331 Req. Guide 1.99, Rev. 2

%

Input for Reg. Guide Calc.:
Per ASTM E185-82
Fluence and
Material Chemistry

Figure A-1
Process to Develop P-T Curves in Compliance with 10CFR50 Appendix G
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Figure A-2
TLAA - CUF Evaluation Process
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Figure A-3
TLAA - CUF Evaluation Process for Step 5
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B

BOUNDING U.SE ANALYSIS FOR PLANT LICENSING
RENEWAL (UP TO 60 YEARS/54 EFPY)

The equivalent margin analysis presented in this report establishes the minimum USE limits for
BWR/2-6 vessel beltline materials. The purpose of this Appendix is to demonstrate, for all U.S.
BWR/2-6 vessels, that the USE values predicted for the BWR vessel materials will, for 54 EFPY
of operation, remain higher than the allowable USE limits, as required in 10CFR50, Appendix G.
This Appendix supplements Section 8 of Reference B-1, which provides the basis for the
evaluation for 32 EFPY. For the reader’s convenience, the basis is again described herein. In
addition, this Appendix contains the Plant Applicability Verification Form for Equivalent Margin
Analysis to be used for 54 EFPY.
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B.1 BWR/2 Plate Materials
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B.2 BWR/3-6 Plate Materials
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B.3 BWR/2-6 Weld Materials
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B.3.1 SMAW
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B.3.2 ESW
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B.3.3 Non-Linde 80 SAW
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B.3.4 Linde 80 SAW
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B.4 Summary of Evaluation
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B.5 Plant-Specific Applicability
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B.6

[B-1]

[B-2]

[B-3]

[B-4]

B-10
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Table B-1
Data on BWR Beltline Materials for R.G. 1.99 USE Evaluation for 54 EFPY
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Table B-2
Data on BWR Beltline Plates
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Table B-3
Equivalent Margin Analysis Plant Applicability Verification Form
for
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Table B-4
Equivalent Margin Analysis Plant Applicability Verification Form
for
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Table B-5
Equivalent Margin Analysis Plant Applicability Verification Form

for

Content Deleted -
EPRI Proprietary Information

B-15




Bounding USE Analysis for Plant Licensing Renewal (Up to 60 Years/54 EFPY)

Figure B-1
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BWR/2 Plates (Longitudinal) Meet Equivalent Margin Requirements
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Figure B-2
BWR/2 Plates (Transverse) Meet Equivalent Margin Requirements
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Figure B-3
BWR/3-6 Plates (Longitudinal) Meet Equivalent Margin Requirements
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Figure B-4
BWR/3-6 Plates (Transverse) Meet Equivalent Margin Requirements
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Figure B-5
SMAW Materials Meet Equivalent Margin Requirements
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Figure B-6
ESW Materials Meet Equivalent Margin Requirements
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Figure B-7 ,
Non-Linde SAW Materials Meet Equivalent Margin Requirements
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Targer: About EPRI

Nuclear Power EPR} creates science and technology solutions for

the global energy and energy services industry. U.S.
electric utilities established the Electric Power
Research Institute in 1973 as a nonprofit research
consortium for the benefit of utility members, their
customers, and society. Now known simply as EPRI,
the company provides a wide range of innovative
products and services to more than 1000 energy-
related organizations in 40 countries. EPRI’s
multidisciplinary team of scientists and engineers
draws on a worldwide network of technical and
business expertise to help solve today’s toughest

energy and environmental problems.
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